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Abstract	11	
The	present	study	aimed	to	examine	thermoregulatory	responses	in	birds	facing	12	 two	commonly	experienced	stressors,	cold	and	fasting.		Logging	devices	allowing	long-term	13	 and	precise	access	to	internal	body	temperature	were	placed	within	the	gizzards	of	14	 ducklings	acclimated	to	cold	(5°C)	or	thermoneutrality	(25°C).		The	animals	were	then	15	 examined	under	three	equal	four-day	periods:	ad	libitum	feeding,	fasting,	and	re-feeding.		16	 Through	the	analysis	of	daily	as	well	as	short-term,	or	ultradian,	variations	of	body	17	 temperature,	we	showed	that	while	ducklings	at	thermoneutrality	show	only	a	modest	18	 decline	in	daily	thermoregulatory	parameters	when	fasted,	they	exhibit	reduced	surface	19	 temperatures	from	key	sites	of	vascular	heat	exchange	during	fasting.		The	cold	acclimated	20	 birds,	on	the	other	hand,	significantly	reduced	their	short-term	variations	of	body	21	 temperature	while	increasing	long-term	variability	when	fasting.		This	phenomenon	would	22	 allow	the	cold	acclimated	birds	to	reduce	the	energetic	cost	of	body	temperature	23	 maintenance	under	fasting.		By	analyzing	ultradian	regulation	of	body	temperature,	we	24	 describe	a	means	by	which	an	endotherm	appears	to	lower	thermoregulatory	costs	in	25	 response	to	the	combined	stressors	of	cold	and	fasting.		26	 		27	
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3		
Introduction	32	
Organisms	show	remarkable	capacities	to	adapt	to	variable	environments,	notably	33	 by	optimizing	energy	balance.		Energy	conservation	allows	for	the	allocation	of	energy	to	34	 functions	other	than	survival,	such	as	growth	or	reproduction,	especially	when	energy	is	in	35	 short	supply.		Two	prominent	mechanisms	in	re-organizing	energy	balance	are	(i)	the	use	36	 of	internal	energy	storage	from	lipids	and	carbohydrates	and	(ii)	the	reduction	of	energy	37	 expenditure	via	hypometabolism.		In	endothermic	vertebrates	in	which	metabolism	is	high	38	 due	in	part	to	thermogenesis,	several	energy	conservation	strategies	have	evolved,	such	as	39	 torpor	(metabolic	suppression	with	a	daily	return	to	normothermia)	or	hibernation	40	 (profound	metabolic	suppression	and	reduced	body	temperatures	over	several	days)	[1-3].		41	 These	mechanisms	reap	large	benefits,	in	part	because	of	the	effects	of	low	body	42	 temperature	(Tb)	on	metabolic	rate.		However,	many	endotherms	do	not	exhibit	such	large	43	 variations	of	Tb	(i.e.,	homeotherms)	and	keep	Tb	high	even	under	unfavorable	periods	[4],	44	 implying	that	abandoning	homeothermy	may	have	additional,	non-energetic	costs	[5].	45	 Body	temperature	is	determined	by	the	balance	between	heat	production	and	heat	46	 dissipation	mechanisms.		A	well-recognized	metabolic	adaptation	to	fasting	is	the	reduction	47	 in	heat	production	[6,	7],	accompanied	by	reductions	in	Tb,	usually	through	progressive	48	 declines	during	the	inactive	period	[8-14],	which	have	been	argued	to	result	from	a	49	 regulated	thermoregulatory	response	[8,	9,	15,	16].		Fluctuations	in	Tb	can	result	from	50	 changes	in	set-point	[17,	18],	changes	in	activity	[19,	20],	or	changes	in	thermal	51	 conductance	[21].		In	birds,	regional	heterothermy	during	fasting	may	provide	an	52	 explanation	for	why	core	Tb	does	not	vary	much	with	fasting	in	some	species,	despite	a	53	 large	metabolic	suppression	[21].		One	implication	of	this	is	that	variability	in	Tb	may	itself	54	
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be	a	source	of	energetic	savings,	a	concept	which	has	not	been	formally	tested	in	the	55	 studies	of	mentioned	above.		Previous	research	has	implicated	alterations	in	vigilance	56	 states	(i.e.,	sleep/wake	cycles)	during	prolonged	food	deprivation	in	pigeons	and	geese	[15,	57	 22],	which	could	be	a	proximate	neurophysiological	mechanism	leading	to	the	daily	58	 changes	in	Tb	observed	during	fasting.	59	 Body	temperature,	like	many	physiological	parameters,	shows	considerable	60	 ultradian	variation	[23].		Although	these	fluctuations	may	simply	appear	to	be	noise,	they	61	 have	important	physiological	signatures	(e.g.,	insulin	and	growth	hormone	show	pulsatile	62	 secretion	in	phase	with	Tb	fluctuations	[24,	25],	fluctuations	in	core	Tb	of	quail	are	63	 associated	with	changes	in	fuel	use	[26],	alterations	in	hippocampal	activation	precedes	64	 thermogenic	fluctuations	[19,	20]).		Since	altered	vigilance	behaviours	(i.e.,	changes	in	65	 patterns	of	sleep-wake	states)	appear	essential	for	the	induction	and	maintenance	of	66	 fasting-induced	nocturnal	anapyrexia	[11],	ultradian	Tb	rhythms	should	also	be	reduced	in	67	 fasting.		In	laboratory	rodents,	ultradian	Tb	rhythms	are	themselves	circadian	in	nature	and	68	 are	elevated	with	cold	exposure	but	decreased	in	energy	limiting	conditions	like	hypoxia	69	 [27].		In	wild	mole	voles,	circadian	and	ultradian	Tb	rhythms	disappear	during	cold	70	 acclimation	[28].		Clearly	then,	a	reduced	prevalence	of	ultradian	rhythms	should	occur	71	 with	prolonged	cold	or	fasting.	72	 The	present	study	aims	to	investigate	the	relationship	between	the	diurnal	and	73	 ultradian	regulation	of	Tb	of	birds	experiencing	common	environmental	stresses.		Stressors	74	 at	early	life	stages	in	birds	can	have	long	lasting	effects	on	energetics,	growth,	and	75	 thermoregulation	[29],	thus	we	submitted	ducklings	to	the	energetic	constraints	of	cold	76	 and	food	restriction.	We	examined	thermally	acclimated	(cold	versus	thermoneutral)	77	
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animals	in	order	to	compare	animals	of	differing	thermogenic	capacity;	cold-acclimation	in	78	 ducklings	upregulates	non-shivering	heat	production	and	slightly	raises	basal	metabolic	79	 rate	measured	within	the	thermoneutral	zone	[30,	31].		Our	overall	hypothesis	was	that	80	 prolonged	energy	deficits	are	countered	by	adjustments	geared	at	reducing	energy	81	 requirements.		A	number	of	predictions	arise	from	this	hypothesis.		First,	fasting	will	82	 induce	a	regulated	hypothermia	(i.e.,	anapyrexia).		Second,	regional	heterothermy	will	be	83	 adopted	during	fasting	to	decrease	thermal	conductance	and	allow	for	relatively	stable	84	 homeothermy.		Third,	since	cold	exposure	will	be	associated	with	a	greater	energy	deficit,	it	85	 will	demand	enhanced	thermoregulatory	adjustments	during	fasting.		One	mechanism	86	 mediating	these	costs	is	through	changes	in	Tb	variability;	therefore,	adjustments	in	87	 ultradian	and	diurnal	regulation	of	Tb	should	be	geared	toward	optimizing	energy	savings	88	 based	on	energy	deficit.			89	
Material	and	Methods	90	
Animals	91	 A	total	of	12	ducklings	(male	Muscovy	ducks,	Cairina	moschata,	pedigree	R31,	92	 Institut	National	de	la	Recherche	Agronomique,	Paris,	France)	were	sourced	from	a	93	 commercial	stockbreeder	(Eclosion	Grimaud-la-Corbière,	Roussay,	France).		Six	were	94	 assigned	randomly	to	each	of	the	two	acclimation	temperature	groups.		The	ages	of	the	95	 ducklings	at	the	beginning	of	the	trial	was	5	weeks,	and	had	been	housed	at	their	96	 acclimation	temperatures	since	10	days	of	age:	thermoneutral	(TN)	ducklings	were	housed	97	 at	25°C	and	cold-acclimated	(CA)	ducklings	were	housed	at	5°C	following	similar	published	98	 protocols	[30].		Ducklings	varied	in	mass	throughout	the	experiments,	although	at	the	99	
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outset	of	the	measurement	period	the	12	ducklings	chosen	for	the	measurements	were	100	 size-matched	such	that	both	acclimation	groups	had	an	average	starting	mass	of	~1	kg.		101	 The	animals	were	kept	at	a	constant	8L:16D	light:dark	cycle	(lights	on	at	0600).	Ducklings	102	 were	provided	with	food	and	water	ad	libitum,	except	during	the	fasting	protocol,	when	103	 food	was	completely	removed.	Their	normal	diet	consisted	of	a	commercial	poultry	mash	104	 (Moulin	Guenard,	645000MI,	Vonnas,	France).		The	same	animals	were	used	throughout	105	 the	feeding	protocols,	being	identified	by	leg	bands.		Animal	body	mass	measurements	106	 were	recorded	daily.		107	
Experimental	Protocol	108	 Three	days	prior	to	the	experimental	period,	ducklings	were	force	fed	a	temperature	109	 data	logging	device	(ANIPILL	system®;	Bodycap,	Caen,	France).		The	device	has	been	110	 designed	for	use	in	birds	to	lodge	within	the	gizzard,	providing	relatively	long-term	access	111	 to	an	internal	body	temperature	measurement.		Following	the	ingestion	of	the	data	logger,	112	 birds	were	monitored	for	~2	days	before	commencing	the	formal	data	gathering	(data	113	 logged	at	15	min	intervals)	to	assess	the	patency	of	the	data	loggers	and	the	birds’	general	114	 behaviours.		We	subsequently	divided	the	experiment	into	3	equal,	4-day	time	periods:	ad	115	
libitum	feeding,	fasting,	and	subsequent	re-feeding	for	the	final	4	days	of	the	experiment.		116	 The	two	acclimation	groups	remained	at	their	respective	acclimation	temperatures	117	 throughout	the	experimental	period.		Behavioural	observations	of	drinking	and	general	118	 activity	were	obtained	periodically	across	all	three	conditions	(N=32	time	points	spanning	119	 all	days,	with	a	minimum	of	two	observations	per	day,	and	up	to	4	during	the	early	days	of	120	 fasting).	121	
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Analysis	of	Body	Temperature	122	 	 Daily	estimates	of	Tb	parameters	were	summarized	using	cosinor	analysis	(although	123	 see	supplementary	material	for	summary	spectral	analysis)	to	facilitate	specific	Tb	124	 statistical	comparisons	[32].		Briefly,	an	individual	bird’s	Tb	time	series	data	125	 (Supplementary	Figure	1)	was	modelled	using	a	multiple	linear	regression	model,	wherein	126	 the	daily,	24-hour	periodic	rise	and	fall	in	body	temperature	could	be	estimated	as	a	linear	127	 combination	of	the	cosine	and	sine	transformed	time	variable	expressed	as	radians	with	a	128	 24	hour	period:	129	
𝑇" = 𝑀 + 𝐴 ∙ cos 2𝜋𝑡24 + 𝐵 sin 2𝜋𝑡24 	130	 where	M	corresponds	to	the	Mesor,	or	mean	Tb,	and	A	and	B	to	the	estimated	slope	values	131	 for	the	cosine	and	sine	transformed	time	vectors.		Amplitude	(equivalent	to	the	average	132	 diurnal	deflection	in	Tb	from	the	Mesor)	was	extracted	from	the	A	and	B	regression	133	 estimates	using	the	following	equation:	134	 𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 = 𝐴9 + 𝐵9	135	 Extreme	short	term,	or	ultradian	variation	in	Tb	(dTb)	was	estimated	using	a	sequential	136	 difference	approach,	wherein	the	daily	average	estimate	of	the	absolute	values	of	137	 successive	Tb	measurements	(ADT	=	absolute	difference	temperature)	was	taken	for	each	138	 bird:	139	
𝑑𝑇" = (𝑇";<= − 𝑇";)@ABB 𝑛 	140	 where	n	is	the	number	of	measurements	per	day	and	i	is	the	ith	measurement	over	time.		All	141	 Tb	parameters	above	were	determined	daily,	for	each	bird	within	each	feeding	condition.			142	
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Incremental	Cost	of	Homeothermy		143	 The	energetic	costs	inherent	to	the	“instantaneous”	rate	of	Tb	change	can	be	144	 assessed	(assuming	100%	efficiency)	by	dividing	daily	average	ADT	measurement	by	the	145	 sampling	interval	(dt	=	900	s),	and	incorporating	these	fluctuations	into	the	heat	capacity	146	 equation:	147	
𝑞	(𝑊) = 0.5	𝑐K	𝑀	 𝑑𝑇"𝑑𝑡 	148	 where	cp	is	the	estimated	tissue	heat	capacity	(3.4	kJ	kg-1),	M	is	the	body	mass,	and	q· 	is	the	149	 estimated	power	(W=Watts)	required	to	heat	the	body	according	to	the	rate	these	150	 fluctuations	were	observed.		The	0.5	value	in	the	equation	above	is	included	to	account	for	151	 the	fact	that	absolute	temperature	differences	include	both	the	decreases	in	Tb	as	well	as	152	 the	increases	over	time,	which	would	be	symmetrical	over	a	24-hour	period	in	a	153	 homeothermic	animal.			These	values	were	normalised	to	previously	measured	basal	154	 metabolic	heat	production	[5	W/kg	and	8	W/kg	for	25°C	and	5°C	acclimated	ducklings;	30,	155	 31].	156	
Thermal	Image	Acquisition	and	Analysis	157	 Infrared	thermal	images	were	manually	captured	at	various	time	points	throughout	158	 the	experimental	protocol,	spanning	the	active	and	inactive	periods	of	the	ducklings	during	159	 days	1-3	of	each	feeding	condition.		Thermographic	images	were	collected	using	an	IR	160	 thermal	imaging	camera	(Model	SC660,	FLIR	Systems,	Wilsonville,	Oregon).		The	camera	161	 was	allowed	time	to	warm	up	and	electronically	stabilize,	and	was	calibrated	prior	to	every	162	 experiment	against	an	internal	thermocouple	(NIST	standard).		Using	specialized	software	163	 (Thermacam	Researcher	Pro),	regions	of	interest	on	body	surface	were	digitally	‘drawn’	on	164	
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each	frame	to	obtain	the	average	surface	bill	(Tbill)	temperature,	which	was	used	to	assess	165	 how	a	known	vascular	thermal	window	might	be	recruited	to	vasodilate	or	vasoconstrict	166	 over	time	[33,	34].		In	all	cases,	emissivity	was	assumed	to	be	0.96	[35].		Ducklings	were	not	167	 handled	during	the	measurements,	as	preliminary	observations	from	an	initial	pilot	study	168	 indicated	a	significant	lowering	(1.3°C,	P=0.001)	of	surface	temperatures	as	a	result	of	a	169	 brief	handling	(<1	minute	duration)	and	replacement	into	the	home	cage.	170	
Statistical	Analyses		171	 For	descriptions	of	Tb	and	to	test	hypotheses	regarding	the	influence	of	acclimation	172	 temperature,	feeding	condition,	and	time,	we	employed	a	Generalized	and/or	Linear	Mixed	173	 Effects	Modeling	(GLMM	or	LMM)	approach,	including	bird	identity	as	a	random	effect	174	 (intercept)	to	account	for	repeated	measurements	over	time.		For	the	drinking	behaviour,	175	 we	used	a	GLMM	(link=logit,	where	drinking	was	a	factor	variable	of	1	or	0).		For	the	176	 analysis	of	Tb	amplitude	variation	(short-term	vs.	long	term),	we	allowed	a	random	slope	177	 and	intercept	effect	in	the	model	to	account	for	individual	bird	responses.		For	each	178	 parameter,	we	constructed	a	linear	model	that	included	all	relevant	predictor	variables	and	179	 their	interactions	if	appropriate	(i.e.,	Condition,	Day,	Acclimation	Temperature,	Drinking	180	 Status).		We	then	employed	an	information-theoretic	approach	for	model	selection	[36];	we	181	 ranked	models	based	on	how	well	they	fit	the	data	using	AICc	[37]	by	comparing	to	the	182	 model	with	the	lowest	AIC	score,	and	choosing	the	most	comprehensive	model	with	183	
DAICc<2;	comparisons	to	the	null,	intercept	model	were	also	included	(DAICcn=	Null	AICc	-	184	 Model	AICc)	to	assess	the	degree	to	which	the	model	explained	the	data.		We	performed	all	185	 analyses	with	R	[38],	using	the	MuMIn	package	[39]	package	for	the	information-theoretic	186	 approach,	and	nlme	[40]	or	lme4	[41]	packages	for	the	GLMMs.	Residuals	were	verified	for	187	
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normality	[42]	and	when	visual	inspection	revealed	deviations	from	homoscedasticity,	we	188	 refit	the	model	weighted	by	parameter	specific	variance	estimates	[43].		We	present	model	189	 weights	(from	the	informatic	approach),	DAICc	values,	model	coefficients	(B),	or	marginal	190	 mean	values	(±	model	SE	or	95%	CI	where	appropriate)	as	measures	of	support.		Rather	191	 than	presenting	inaccurate	or	inflated	P	values	inherent	to	the	uncertainty	in	mixed	model	192	
df	estimation,	or	over-inflating	type	II	error	rates,	we	present	bootstrapped	confidence	193	 limits	for	model	parameters	(B)	in	place	of	classical	significance	and	multiple	comparison	194	 testing	[41,	43].			195	
Results	196	
Body	Mass	and	Behaviour	197	 	 Ducklings	were	still	growing	during	the	study	(Bday	=	89	g/day),	so	body	mass	rose	198	 during	the	ad	lib	phase,	declined	during	fasting	(BFasting	x	Day	=	-192	g/day)	and	rapidly	rose	199	 during	the	re-feeding	phase	(Figure	1A).	The	TN	group	exhibited	a	steeper	rate	of	recovery	200	 in	body	mass	compared	to	the	CA	group	during	the	re-feeding	phase,	due	to	a	significant	3-201	 way	interaction	between	Day	x	Condition	x	Acclimation	(B	=	32.5	g/day,	95%	CI:	6.48–202	 59.26;	w=0.408,	DAICcn	=	373,	P=0.0136).		Relative	mass	loss	during	fasting	did	differ	203	 between	the	TN	and	CA	ducklings	(TN:	-61	±	3	g/kg/day;	CA:	-73	±	7	g/kg/day;	t7=4;	204	 P=0.007).		Over	the	last	3	days	of	fasting,	CA	ducklings	lost	body	mass	20%	faster	than	TN	205	 birds.		The	top	GLMM	describing	the	odds	of	drinking	included	the	Condition	x	Day	206	 interaction	(w=0.292,	DAICcn	=	12),	although	the	strength	of	this	interaction	was	weak	207	 (P=0.074).		There	was,	however,	strong	support	for	feeding	condition	influencing	the	odds	208	 of	drinking;	fasted	ducklings	were	less	likely	to	drink	than	ad	libitum	ducklings	(B =	-3.35,	209	
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OR	=	0.035,	P=0.0322).		Although	ducklings	were	observed	to	drink	on	5-25%	of	210	 observations,	the	increased	odds	of	drinking	during	the	re-feeding	phase	was	not	different	211	 from	the	ad	libitum	period	(P=0.74).		Drinking	was	positively	associated	with	Tb	(Tb	when	212	 drinking	was	0.25°C	higher;	P=0.0032,	LMM	of	Tb	vs.	Drinking	Status).	213	
Body	Temperature	Analysis	214	
Mesor	values	were	similar	for	the	most	part	between	acclimation	temperatures.		The	215	 top	model	describing	Tb	mesor	included	the	Acclimation	Temperature	x	Day	and	Condition	216	 x	Day	interactions	(w=0.671,	DAICcn	=	320),	while	the	second	highest	model	included	the	217	 three	way	interaction	(w=0.224,	DAICcn	=	318).	As	a	consequence,	Mesor	changed	in	a	218	 manner	dependent	on	Acclimation	Temperature,	Day,	and	Condition	(Figure	1B).		During	219	 the	ad	libitum	stage,	Mesor	values	were	similar,	and	while	fasting	and	re-feeding	declined	220	 faster	in	the	cold	acclimated	group	(BCAxFasting=-0.091°C/day,	P=0.033	and	BCAxReFeeding=-221	 0.085°C/day,	P=0.045,	respectively),	although	the	TN	ducklings	did	appear	to	show	Mesor	222	 stabilizing	during	fasting.		The	cold-acclimated	ducklings	did	exhibit	an	overshoot	in	mesor	223	 values	during	the	refeeding	phase,	by	virtue	of	the	overall	higher	values	(BCA=0.26°C,	224	 P=0.0302).	225	
Amplitude	values	were	similar	for	the	most	part	between	acclimation	temperatures	226	 (Figure	1C).		The	top	ranked	model	(w=0.408)	describing	Amplitude	included	the	Condition	227	 x	Day	interactions	and	their	main	effects,	while	the	second	ranked	model	also	included	228	 Acclimation	Temperature	(w=0.292).		Amplitude	was	higher	during	fasting	than	during	ad	229	
libitum	feeding	(b	=	0.22,	P<0.00001)	and	remained	higher	during	re-feeding	(B	=	0.13,	230	 P=0.001),	returning	throughout	the	4	days	of	re-feeding	to	baseline	values	(B	=	-0.047	231	
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°C/day,	P=0.0006).		Although	Acclimation	Temperature	did	appear	in	the	higher	ranked	232	 models,	the	strength	of	the	effect	was	negligible	(P=0.19).		Instead,	throughout	fasting	at	233	 both	temperatures,	Amplitude	rose	(B	=	0.048°C/day,	P=0.0010),	reaching	peak	values	by	234	 the	fourth	day.		Similarly,	the	return	of	Amplitude	to	baseline	values	followed	a	much	235	 steeper	slope	than	that	observed	during	the	initial	ad	libitum	period	(B	=	-0.048°C/day,	236	 P=0.0014).	237	 Short-term	variation	in	Tb	values	(ADT)	varied	between	the	experimental	groups	238	 (Figure	1D).		The	top	model	describing	ADT	included	the	Acclimation	Temperature	x	Day	239	 and	Condition	x	Day	interactions	and	their	main	effects	(w=0.491,	DAICcn	=	103),	while	the	240	 second	highest	model	included	all	two	way	interactions	(w=0.328,	DAICcn	=	102).		As	a	241	 consequence,	the	ADT	changed	in	a	manner	dependent	on	Acclimation	Temperature,	Day,	242	 and	Condition	(Figure	1D).		Overall,	CA	ducklings	had	higher	ADT	when	fed,	but	a	lower	243	 ADT	during	fasting	compared	to	TN	ducklings	(Acclimation	Temperature	x	Condition:	244	 Bfasting	=	−0.0569,	P<0.0001).		The	daily	rates	of	change	in	ADT	were	generally	more	245	 negative	during	fasting	(B	=	−0.0084,	P=0.039)	and	more	positive	during	refeeding	(B	=	246	 0.013,	P=0.0006).			247	
Metabolic	Cost	of	ADT	Heat	Increment	248	 	 The	top	model	explaining	q· 	included	Mass	(included	as	a	co-variate	to	account	mass	249	 effects),	Acclimation	Temperature	x	Condition	and	their	main	effects	(w=1,	DAICcn	=	146).	250	 Thermoneutral	ducklings	maintained	a	lower	overall	q· ,	which	also	continued	to	decline	251	 during	the	refeeding	phase	(B	=	−0.046,	P=0.0076),	while	cold	acclimated	ducklings	had	252	 overall	much	higher	q· 	values	(B	=	0.087,	P<0.0001)	that	underwent	an	extremely	large	253	
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decline	during	fasting	(B	=	−0.12,	P<0.0001),	and	recovered	to	baseline	levels	during	254	 refeeding	(Figure	2).	255	
Surface	Temperature	Analysis	256	 Since	drinking	was	observed	~5-25%	of	the	time	and	was	shown	to	be	influenced	by	257	 Tb	measurements,	we	included	Drinking	Status	in	models	of	surface	temperature	258	 assessment,	especially	for	Tbill	(Drinking	Status	always	ranked	in	the	top	most	models).		We	259	 examined	Tbill	separately	for	each	Acclimation	Temperature	because	of	known	physical	(i.e.,	260	 non-biological)	determinants	of	surface	temperatures	[35].	The	top	model	describing	Tbill	261	 for	thermoneutral	ducklings	included	Drinking,	Condition	x	Day	interactions	and	their	main	262	 effects	(w=0.95,	DAICcn	=	82).		In	thermoneutral	ducklings,	Tbill	declined	more	rapidly	263	 during	the	fasting	period	(B	=	-2.2°C/day,	P=0.0114)	compared	to	the	ad	libitum	period	264	 (Figure	3).		In	cold	acclimated	ducklings,	on	the	other	hand,	only	the	refeeding	period	was	265	 associated	with	a	change	in	the	rate	at	which	Tbill	changed	(B	=	3.8°C/day,	P=0.0142).		266	 Drinking	Status	had	negative	influential	effects	on	bill	temperatures	for	both	thermoneutral	267	 and	cold	acclimated	ducklings	(B	=	−5.97,	and	P<0.001,	−7.19°C	and	P<0.0001,	268	 respectively).	269	
Discussion	270	
Thermoregulatory	changes	in	ducklings	were	profoundly	related	to	both	energy	271	 status	and	acclimation	temperature.		Fasting	led	to	progressive	declines	in	body	mass,	as	272	 well	as	profound	changes	in	thermoregulatory	parameters.		Mean	Tb	declined	throughout	273	 the	4	day	fast,	while	diurnal	variability	(e.g.,	Amplitude)	rose.		The	greater	day-to-night	274	
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variability	with	fasting	was	likely	reflective	of	adjustments	in	Tb	set-point,	where	nocturnal	275	 anapyrexia	was	progressively	related	to	the	duration	of	fasting.		Ultradian	Tb	variation	was	276	 generally	lower	during	the	fasting	period,	especially	in	cold-acclimated	birds.		During	re-277	 feeding,	cold-acclimated	ducklings	more	rapidly	recovered	body	mass	and	exhibited	a	278	 sustained	overshoot	in	Tb	compared	to	thermoneutral	ducklings,	presumably	due	to	an	279	 excessive	digestion-related	thermogenesis	from	the	more	rapid	reprovisioning	and	280	 biosynthesis.		Although	our	measurements	involved	a	temperature	sensor	within	the	crop,	281	 ingestion	of	cool	water	did	not	account	for	any	of	the	reductions	in	Tb,	suggesting	that	this	282	 approach	provides	a	robust	measure	of	core	Tb	(see	supplementary	discussion).			283	
Temperature	Changes	During	Fasting	284	 The	decline	in	Tb	that	occurred	with	fasting	was	unaffected	by	acclimation	285	 temperature,	although	the	diurnal	amplitude	in	Tb	was	higher	with	cold	acclimation.	286	 Previous	work	has	shown	that	both	low	ambient	temperature	and	fasting	lead	to	nocturnal	287	 anapyrexia	in	Japanese	quail	and	that	they	will	act	synergistically	[8].		The	energetic	288	 benefits	of	nocturnal	anapyrexia	were	estimated	to	be	~27%	energy	savings	for	birds	289	 below	the	TNZ	and	~16%	energy	savings	for	those	within	the	TNZ.		Similarly,	in	barn	owls,	290	 Tb	declines	diurnally	in	the	inactive	phase	during	fasting,	associated	with	total	metabolic	291	 rate	decreases	of	~40%	[9].		Bill	surface	temperatures	during	fasting	suggest	that	TN	292	 ducklings	decrease	blood	flow	to	their	thermal	windows	(Figure	3),	thereby	reducing	293	 thermal	conductance.		This	effect	is	not	apparent	in	CA	ducklings,	presumably	because	294	 vasoconstriction	is	already	maximal	in	the	cold.		Interestingly,	Japanese	quail	at	295	 thermoneutral	temperatures	exhibited	much	lower	Tb	decline,	yet	still	significant	energetic	296	 savings	during	fasting	[8],	which	suggests	a	change	in	thermal	conductance.		Our	surface	297	
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temperature	results	offer	a	potential	explanation	for	how	fasting	induced	decreases	in	298	 thermal	conductance	can	allow	birds	to	reduce	night	time	heat	production	and	effect	an	299	 energy	savings	while	still	exhibiting	relatively	low	diurnal	changes	in	Tb.			300	
Short	Term	Tb	Fluctuations	301	 When	fed,	CA	ducklings	have	higher	ADT	compared	to	TN	ducklings,	therefore,	the	302	 more	costly	energetic	demands	of	endothermic	homeothermy	in	the	cold	are	mediated	303	 through	more	intense	bouts	of	thermogenesis.		During	fasting,	however,	these	short	term	304	 fluctuations	are	more	dramatically	reduced	in	CA	ducklings	and	inversely	related	to	the	305	 degree	of	diurnal	Tb	variation	(Supplementary	Figure	2).		The	net	result	is	that	fasting	306	 enhances	short	term	homeothermy.		These	ultradian	rhythms	in	Tb	are	reflective	of	307	 orchestrated	changes	in	underlying	neurophysiological	adjustments.		Blessing	et	al.	[19,	20]	308	 argue	that	short-term	fluctuations	in	Tb	are	part	of	a	brain-coordinated	rest-activity	cycle	309	 where	non-shivering	thermogenesis	is	activated,	which	episodically	warms	the	brain	in	a	310	 manner	associated	with	prior	hippocampal	activation	rather	than	thermoregulatory	311	 control.		Therefore,	although	these	ultradian	rhythms	in	Tb	are	not	necessarily	312	 thermoregulatory	in	nature	they	would	incur	energetic	costs,	and	appear	to	be	a	mode	of	313	 energetic	conservation	only	recruited	in	the	cold.		Nevertheless,	changes	in	314	 thermoregulatory	control	likely	accompany	fasting.		Heller	[44]	demonstrated	that	the	315	 threshold	spinal	temperature	in	pigeons	(a	proxy	for	Tb	set-point)	progressively	reduces	316	 with	nights	into	a	fast.		Therefore,	the	decline	in	short-term	Tb	fluctuations	that	317	 accompanies	fasting	in	CA	ducklings	must	also	reflect	altered	regulation	of	threshold	318	 temperatures	that	activate	thermogenesis.		It	is	plausible	therefore	that	CA	ducklings	alter	319	 their	vigilance	states	more	than	TN	ducklings	[19],	leading	to	longer	periods	of	reduced	320	
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vigilance	states	where	Tb	set-point	is	reduced.		In	terms	of	energetics,	we	estimate	the	321	 energy	cost	associated	with	the	heating	portion	of	ultradian	Tb	rhythms	to	be	~	7	to	10.5%	322	 of	basal	metabolic	rates.		The	reduction	in	ultradian	Tb	rhythms	during	fasting	is	323	 imperceptible	in	TN	ducklings	(Supplementary	Figure	3),	but	in	CA	ducklings	leads	to	a	324	 profound	reduction	in	the	estimated	energetic	costs	of	warming	(from	10.5%	of	BMR	down	325	 to	7%	of	BMR),	independent	of	the	metabolic	savings	that	are	traditionally	associated	with	326	 the	large	diurnal	Tb	changes.	327	
Conclusions	328	
	 The	results	of	this	study	demonstrate	the	dynamic	nature	of	homeothermy	in	an	329	 avian	model	of	fasting.		We	describe	two	novel	thermoregulatory	efficiencies	of	fasting.		330	 Under	thermoneutral	conditions,	blood	perfusion	to	thermal	windows	is	reduced,	which	331	 would	lower	thermal	conductance	and	permit	the	maintenance	of	Tb	at	lower	energetic	332	 costs.		We	also	describe	how	short-term	Tb	changes	are	reduced	in	cold	acclimated,	fasted	333	 birds.		To	our	knowledge,	an	explicit,	proximate	cost	of	homeothermy	has	not	previously	334	 been	estimated,	although	thermoregulatory	states	like	fever	have	been	shown	to	be	335	 energetically	costly	(30%	rise	for	a	1.4°C	change	in	Tb	in	Pekin	ducks	[45]).		Future	336	 research	using	long-term	records	of	Tb	could	make	use	of	ultradian	rhythms	to	assess	337	 energy	sparing	strategies	to	novel	stressors.		338	
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Figure	Legends	 	524	
	525	
Figure	1.		Body	mass	(A)	effects	plots	(mean	±	model	SE)	in	thermoneutral	acclimated	(TN)	526	 and	cold	acclimated	(CA)	ducklings	during	similar	durations	(4	days)	of	ad	libitum	feeding,	527	 fasting,	and	re-feeding.		Panels	B-D	show	body	temperature	effects	plots	(marginal	model	528	 fits	±	SE)	of	thermoneutral	and	cold	acclimated	ducklings	(N=6	per	temperature	group)	529	 from	the	daily	Cosinor	analysis	during	the	three	different	feeding	conditions.		Mesor	results	530	 (B)	reflect	the	daily	average	Tb,	Amplitude	(C)	reflects	the	peak	or	nadir	deviation	from	the	531	 mesor,	and	ADT	(D)	reflects	the	extreme	short	term	variation	across	the	sampled	time	532	 interval	(15	minutes).			533	
	534	
Figure	2.	Estimated	energetic	costs	of	short-term	change	in	Tb	during	ad	libitum	feeding	535	 (A),	fasting	(F)	and	re-feeding	(R)	as	calculated	from	the	heat	capacity	equation.		The	536	 metabolic	costs	associated	with	the	periodic	rises	in	Tb	were	typically	higher	in	cold	537	 acclimated	ducklings,	but	declined	more	profoundly	during	fasting.		The	metabolic	costs	538	 are	not	insubstantial;	when	expressed	as	a	portion	of	basal	metabolic	rate	[30]	are	between	539	 7-11%.	540	 	541	
Figure	3.		Bill	surface	temperature	in	thermoneutral	(25°C)	and	cold-acclimated	(5°C)	542	 ducklings	obtained	from	thermal	images.		Representative	thermal	images	are	depicted	in	543	 the	top	panel.		The	lower	traces	show	the	marginal	model	fits	(±	SE)	for	the	thermoneutral	544	 (A)	and	cold-acclimated	(B)	duckling.	Bill	temperatures	declined	during	the	first	3	days	of	545	 fasting	in	TN	ducklings,	while	remaining	constant,	but	lower	in	the	CA	ducklings.		Bill	546	
24		
temperatures	during	re-feeding	were	similar	to	those	prior	to	fasting,	although	in	the	CA	547	 ducklings	fluctuated	heavily	as	shown	in	the	sample	thermal	image.	548	 	 	549	
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Supplementary	Methods	581	
Spectral	Analysis	of	Tb		582	 For	visual	comparison	to	time	based	variability	assessments,	spectral	analysis	was	583	 also	performed	on	the	4	days	worth	of	Tb	data	for	each	animal	within	each	condition	to	584	 ascertain	the	spectral	density	(°C2·hour)	at	respective	cycle	periods	(from	0.5	to	48	hours).		585	 Spectral	entropy	within	each	condition	was	used	as	a	measure	of	unpredictability	in	the	Tb	586	 measurements;	spectral	analysis	was	performed	using	the	stats	and	ForeCA	packages	in	R	587	 [33,	41].	588	
Supplementary	Results	589	
Association	between	Short	and	Long-Term	Tb	Fluctuations	590	 We	further	explored	the	body	temperature	variations	by	examining	the	relationship	591	 between	the	longer-term	amplitudes	and	the	short-term	variations	in	Tb.		Working	from	a	592	 premise	of	short-term	variation	having	more	proximate	basis	to	impart	causality	to	long-593	 term,	Amplitude	data	were	modelled	(LMM)	as	a	function	of	ADT,	allowing	individual	bird	594	 ID	to	exhibit	distinct	intercept	and	slope	with	respect	to	ADT	(Supplementary	Figure	2).		A	595	 distinctly	negative	relationship	emerged	between	Amplitude	and	ADT	(B	=	-2.91,	596	 P<0.0001, DAICcn	=	15).			597	
Spectral	Analysis	of	Tb		598	 Spectral	analysis	revealed	the	expected	dominant	1	day	period	signal	in	the	Tb	data	599	 (Supplementary	Figure	3)	under	all	conditions	and	acclimation	temperatures.		Fasted	birds	600	 demonstrated	much	higher	spectral	densities	at	1	day	cycle	periods,	and	in	the	case	of	cold	601	
30		
acclimated	birds,	demonstrated	clearly	reduced	variation	at	the	shorter	periods.		Spectral	602	 entropy	was	~0.85	for	fed	birds	and	fell	to	~0.65	during	fasting.	603	
Supplementary	Discussion	604	
Critique	of	the	Tb	Measurement		605	 Assessing	Tb	via	an	ingestion-based	approach	has	inherent	risks	associated	with	606	 core	Tb	assessment	since	feeding	or	drinking	may	lead	to	transient	changes	in	gizzard	607	 temperature.		That	concern	can	be	allayed	since	when	fasting	(i.e.,	no	food	intake)	the	Tb	608	 estimate	declines	in	a	manner	similar	to	previous	studies	in	other	birds	[7,	8].		If	fasting	led	609	 to	higher	water	intake,	then	some	of	the	change	in	Tb	estimates	could	have	been	driven	by	610	 drinking.		The	only	association	between	the	odds	of	drinking	and	Tb	was	a	weak	one	where	611	 higher	Tb	was	associated	with	a	higher	probability	of	drinking;	this	trend	is	the	opposite	to	612	 what	would	be	expected	if	gizzard	temperature	was	simply	measuring	influx	of	cold	water.		613	 Finally,	when	we	examined	the	drinking	behaviour	data	with	respect	to	feeding	condition,	614	 fasted	ducklings	were	less	likely	to	drink	than	ad	libitum	fed	or	re-fed	ducklings,	which	is	615	 opposite	to	a	trend	expected	by	potentially	confounded	Tb	estimates.		 	616	
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Supplementary Materials: Figures 617	
	618	
Supplementary	 Figure	 1.	 	 Sample	 Tb	 time	 series	 from	 thermoneutral	 (A)	 and	 cold-619	 acclimated	(B)	ducklings.		Tb	measurements	were	logged	every	15	minutes	(grey	dots)	for	620	 the	 duration	 of	 the	 study.	 	 Data	 loggers	 were	 fed	 to	 the	 ducklings	 2	 days	 prior	 to	621	 commencement	of	the	study.		Daily	Tb	plots	from	each	duckling	was	analysed	using	Cosinor	622	 analysis	 (B)	 and	 an	 absolute	 difference	 in	 Tb	method	 (D).	 	 The	 daily	 (M)	 and	Amplitude	623	 (A=peak	fit	Tb	minus	Mesor)	are	extracted	by	fitting	a	cosine	wave	through	the	24	hours	of	624	 data.		625	
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	626	
	627	
Supplementary	 Figure	 2.	 Average	 daily	 variation	 in	 body	 temperature	 (Amplitude)	628	 induced	by	changes	in	the	feeding	regime	is	 inversely	correlated	with	average	short	term	629	 variation	 in	 body	 temperature	 (ADT)	 in	 ducklings.	 	 Data	 were	 fitted	 using	 linear	mixed	630	 models,	 allowing	 each	 bird	 to	 vary	with	 its	 own	 intercept	 and	 slope	 (other	main	 effects	631	 were	purposely	omitted).	 	The	overall	 trend	can	be	explained	by	an	estimated	r2	of	0.35,	632	 although	the	groups	are	separated	by	acclimation	temperature	for	clarity.		TN	ducklings	are	633	 shown	in	A,	CA	ducklings	are	shown	in	B;	fasted	birds	are	plotted	with	open	symbols,	fed	634	 birds	in	filled	symbols.	635	
	636	
	 	637	
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	638	
Supplementary	 Figure	 3.	 	 	 Spectral	 density	 (mean	 density	 curves	 from	 N=6	 per	639	 experimental	group)	from	4	days	of	Tb	measurements	during	ad	 libitum	 feeding,	followed	640	 by	a	further	4	days	during	fasting	in	thermoneutral	(A)	and	cold	acclimated	(B)	ducklings.		641	 Spectral	 density	 of	 Tb	 is	 typically	 highest	 at	 long	 periods,	 decreasing	 at	 shorter	 periods	642	 (similar	to	1/fx	–	like	pink	noise).		Ratio	of	fasting	to	ad	libitum	fed	Tb	spectral	densities	(C)	643	 shows	 that	 CA	 ducklings	 exhibit	 relatively	more	 spectral	 energy	 in	 at	 long	 periods,	 and	644	 lower	 than	 unity	 (<1;	 horizontal	 dotted	 line)	 spectral	 energy	 at	 shorter	 periods	 (dotted	645	 curves	reflect	quadratic	regressions	to	emphasize	the	overall	trends).	646	
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Supplementary Materials: Statistical Results 647	
1 Akaike’s	second-order	information	criterion	results	from	the	global	model:	648	
Mass	~	ATemp	*	Cond	*	Day	+	(1	|	ID)	649	
Model	 Intercept	 Deviance	 K	 AICc	 ΔAICc	 ω	~ATemp	+	Cond	+	Day	+	ATemp:Cond	+	ATemp:Day	+	Cond:Day	+	ATemp:Cond:Day	 1057	 1650	 14	 1681	 		0.000	 0.408	~ATemp	+	Cond	+	Day	+	ATemp:Cond	+	Cond:Day	 1060	 1659	 11	 1682	 		0.958	 0.253	~ATemp	+	Cond	+	Day	+	ATemp:Cond	+	ATemp:Day	+	Cond:Day	 1065	 1657	 12	 1684	 		2.198	 0.136	~ATemp	+	Cond	+	Day	+	Cond:Day	 1065	 1665	 	9	 1684	 		2.851	 0.098	~Cond	+	Day	+	Cond:Day	 1015	 1668	 	8	 1685	 		3.763	 0.062	~ATemp	+	Cond	+	Day	+	ATemp:Day	+	Cond:Day	 1070	 1664	 10	 1686	 		4.508	 0.043	~1	 1249	 2049	 	3	 2055	 373.462	 0.000		650	 Model	ranking	was	performed	by	ranking	AICc	values.		The	highest	ranked	and/or	most	651	 inclusive	model	with	a	ΔAICc	<	2	was	chosen	for	model	parameter	estimation.		Animal	652	 identity	(ID)	was	included	to	model	the	random	effect	and	account	for	repeated	653	 measurements.	654	 	655	 	 	656	
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2 Parametric	bootstrapped	coefficients	from	the	model:	Mass	~	ATemp	+	Cond	657	
+	Day	+	ATemp:Cond	+	ATemp:Day	+	Cond:Day	+	ATemp:Cond:Day	+	(1	|	ID)	658	
Parameter	 B	 SE	 LDL	 UDL	 ProbB	(Intercept)	 1057.0957	 40.885	 	976.885	 1137.331	 <0.0001	ATempCA	 	-84.2379	 57.462	 -198.583	 		29.671	 0.1426	CondF	 	531.6120	 25.294	 	481.100	 	581.577	 <0.0001	CondR	 	-74.4922	 25.528	 -124.557	 	-24.276	 0.0042	Day	 		89.3142	 	5.490	 		78.340	 	100.173	 <0.0001	ATempCA.CondF	 	-33.8271	 35.977	 -104.432	 		34.880	 0.3402	ATempCA.CondR	 	-76.6529	 36.410	 -148.596	 		-6.525	 0.0344	ATempCA.Day	 		-2.4027	 	7.773	 	-17.540	 		12.702	 0.7490	CondF.Day	 -192.6760	 	9.580	 -211.469	 -173.818	 <0.0001	CondR.Day	 		55.6330	 	9.636	 		36.651	 		74.447	 <0.0001	ATempCA.CondF.Day	 		-0.2716	 13.583	 	-26.921	 		26.482	 0.9758	ATempCA.CondR.Day	 		32.6683	 13.714	 			6.255	 		59.812	 0.0176		659	 Parameter	estimates	(B)	±	standard	errors	(SE)	represent	the	coefficients	from	linear	660	 mixed	or	generalized	linear	mixed	models.		Animal	identity	(ID)	was	included	as	a	random	661	 effect	in	all	models	to	account	for	repeated	measurements.		The	95%	highest	density	662	 interval	for	each	parameter	is	indicated	by	LDL	and	UDL.		ProbB	is	the	two-tailed	663	 equivalent	probabilty	that	the	B	differs	from	zero,	based	on	10000	simulations,	where	the	664	 minimum	probability	is	1/10000.	665	 	666	 	 	667	
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3 Akaike’s	second-order	information	criterion	results	from	the	global	model:	668	
Drinking	~	ATemp	*	Cond	*	Day	+	(1	|	ID)	669	
Model	 Intercept	 Deviance	 K	 AICc	 ΔAICc	 ω	~Cond	+	Day	+	Cond:Day	 -2.08	 289	 	7	 303	 	0.000	 0.292	~ATemp	+	Cond	+	Day	+	ATemp:Cond	+	Cond:Day	 -2.40	 283	 10	 304	 	0.243	 0.259	~Cond	+	Day	 -2.81	 295	 	5	 305	 	1.580	 0.133	~ATemp	+	Cond	+	Day	+	ATemp:Cond	 -3.14	 289	 	8	 305	 	1.836	 0.117	~ATemp	+	Cond	+	Day	+	Cond:Day	 -2.03	 289	 	8	 305	 	1.995	 0.108	~ATemp	+	Cond	+	Day	+	ATemp:Cond	+	ATemp:Day	+	Cond:Day	 -2.34	 283	 11	 306	 	2.342	 0.091	~1	 -1.81	 312	 	2	 316	 12.497	 0.001		670	 Model	ranking	was	performed	by	ranking	AICc	values.		The	highest	ranked	and/or	most	671	 inclusive	model	with	a	ΔAICc	<	2	was	chosen	for	model	parameter	estimation.		Animal	672	 identity	(ID)	was	included	to	model	the	random	effect	and	account	for	repeated	673	 measurements.	674	 	675	 	 	676	
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4 Parametric	bootstrapped	coefficients	from	the	model:	Drinking	~	Cond	+	Day	677	
+	Cond:Day	+	(1	|	ID)		678	
Parameter	 B	 SE	 LDL	 UDL	 ProbB	(Intercept)	 -2.093796	 0.9855	 -4.0099	 -0.1575	 0.0328	CondF	 -3.339803	 1.5670	 -6.4244	 -0.2834	 0.0342	CondR	 	0.358643	 1.0764	 -1.7216	 	2.4676	 0.7446	Day	 	0.007272	 0.4570	 -0.8948	 	0.8953	 0.9934	CondF.Day	 	1.023683	 0.5783	 -0.1044	 	2.1544	 0.0764	CondR.Day	 	0.181003	 0.4888	 -0.7790	 	1.1282	 0.7124		679	 Parameter	estimates	(B)	±	standard	errors	(SE)	represent	the	coefficients	from	linear	680	 mixed	or	generalized	linear	mixed	models.		Animal	identity	(ID)	was	included	as	a	random	681	 effect	in	all	models	to	account	for	repeated	measurements.		The	95%	highest	density	682	 interval	for	each	parameter	is	indicated	by	LDL	and	UDL.		ProbB	is	the	two-tailed	683	 equivalent	probabilty	that	the	B	differs	from	zero,	based	on	10000	simulations,	where	the	684	 minimum	probability	is	1/10000.	685	 	686	 	 	687	
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5 Akaike’s	second-order	information	criterion	results	from	the	global	model:	688	
Mesor	~	ATemp	*	Cond	*	Day	+	(1	|	ID)	689	
Model	 Intercept	 Deviance	 K	 AICc	 ΔAICc	 ω	~ATemp	+	Cond	+	Day	+	ATemp:Day	+	Cond:Day	 40.6	 -196	 10	 -174	 		0.00	 0.671	~ATemp	+	Cond	+	Day	+	ATemp:Cond	+	ATemp:Day	+	Cond:Day	+	ATemp:Cond:Day	 40.7	 -203	 14	 -172	 		2.19	 0.224	~ATemp	+	Cond	+	Day	+	ATemp:Cond	+	ATemp:Day	+	Cond:Day	 40.6	 -197	 12	 -170	 		3.73	 0.104	~1	 40.5	 	140	 	3	 	146	 320.13	 0.000		690	 Model	ranking	was	performed	by	ranking	AICc	values.		The	highest	ranked	and/or	most	691	 inclusive	model	with	a	ΔAICc	<	2	was	chosen	for	model	parameter	estimation.		Animal	692	 identity	(ID)	was	included	to	model	the	random	effect	and	account	for	repeated	693	 measurements.	694	 	695	 	 	696	
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6 Parametric	bootstrapped	coefficients	from	the	model:	Mesor	~	ATemp	*	Cond	697	
*	Day	+	(1	|	ID)	698	
Parameter	 B	 SE	 LDL	 UDL	 ProbB	(Intercept)	 40.711585	 0.06934	 40.57581	 40.847571	 <0.0001	ATempCA	 	0.040614	 0.09849	 -0.15407	 	0.232880	 0.6732	CondF	 -0.494176	 0.08087	 -0.65491	 -0.335278	 <0.0001	CondR	 -0.032560	 0.08204	 -0.19288	 	0.127731	 0.6852	Day	 	0.004773	 0.02104	 -0.03700	 	0.045442	 0.8138	ATempCA.CondF	 	0.248980	 0.11587	 	0.02078	 	0.479879	 0.0318	ATempCA.CondR	 	0.258977	 0.11520	 	0.03223	 	0.485190	 0.0238	ATempCA.Day	 -0.006800	 0.02956	 -0.06419	 	0.051608	 0.8076	CondF.Day	 -0.085175	 0.02965	 -0.14276	 -0.026130	 0.0054	CondR.Day	 	0.043772	 0.02985	 -0.01400	 	0.101975	 0.1404	ATempCA.CondF.Day	 -0.090385	 0.04227	 -0.17419	 -0.008819	 0.0292	ATempCA.CondR.Day	 -0.085444	 0.04165	 -0.16771	 -0.004819	 0.0394		699	 Parameter	estimates	(B)	±	standard	errors	(SE)	represent	the	coefficients	from	linear	700	 mixed	or	generalized	linear	mixed	models.		Animal	identity	(ID)	was	included	as	a	random	701	 effect	in	all	models	to	account	for	repeated	measurements.		The	95%	highest	density	702	 interval	for	each	parameter	is	indicated	by	LDL	and	UDL.		ProbB	is	the	two-tailed	703	 equivalent	probabilty	that	the	B	differs	from	zero,	based	on	10000	simulations,	where	the	704	 minimum	probability	is	1/10000.	705	 	706	 	 	707	
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7 Akaike’s	second-order	information	criterion	results	from	the	global	model:	708	
Amplitude	~	Day	*	Cond	*	ATemp	+	(1	|	ID)	709	
Model	 Intercept	 Deviance	 K	 AICc	 ΔAICc	 ω	~Cond	+	Day	+	Cond:Day	 0.286	 -317.7	 	8	 -301	 		0.000	 0.408	~ATemp	+	Cond	+	Day	+	Cond:Day	 0.267	 -319.3	 	9	 -300	 		0.671	 0.292	~ATemp	+	Cond	+	Day	+	ATemp:Cond	+	Cond:Day	 0.284	 -323.2	 11	 -299	 		1.449	 0.198	~ATemp	+	Cond	+	Day	+	ATemp:Day	+	Cond:Day	 0.260	 -319.5	 10	 -298	 		2.757	 0.103	~1	 0.375	 	-77.2	 	3	 	-71	 229.634	 0.000		710	 Model	ranking	was	performed	by	ranking	AICc	values.		The	highest	ranked	and/or	most	711	 inclusive	model	with	a	ΔAICc	<	2	was	chosen	for	model	parameter	estimation.		Animal	712	 identity	(ID)	was	included	to	model	the	random	effect	and	account	for	repeated	713	 measurements.	714	 	715	 	 	716	
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8 Parametric	bootstrapped	coefficients	from	the	model:	Amplitude	~	ATemp	+	717	
Cond	+	Day	+	Cond:Day	+	(1	|	ID)	718	
Parameter	 B	 SE	 LDL	 UDL	 ProbB	(Intercept)	 	0.26733	 0.033060	 	0.20198	 	0.33280	 <0.0001	ATempCA	 	0.03746	 0.029795	 -0.02204	 	0.09623	 0.2070	CondF	 	0.21835	 0.038640	 	0.14287	 	0.29230	 <0.0001	CondR	 	0.13098	 0.038502	 	0.05563	 	0.20708	 0.0004	Day	 -0.01111	 0.009832	 -0.03041	 	0.00788	 0.2574	CondF.Day	 	0.04768	 0.014068	 	0.02072	 	0.07524	 0.0006	CondR.Day	 -0.04708	 0.014058	 -0.07453	 -0.01938	 0.0008		719	 Parameter	estimates	(B)	±	standard	errors	(SE)	represent	the	coefficients	from	linear	720	 mixed	or	generalized	linear	mixed	models.		Animal	identity	(ID)	was	included	as	a	random	721	 effect	in	all	models	to	account	for	repeated	measurements.		The	95%	highest	density	722	 interval	for	each	parameter	is	indicated	by	LDL	and	UDL.		ProbB	is	the	two-tailed	723	 equivalent	probabilty	that	the	B	differs	from	zero,	based	on	10000	simulations,	where	the	724	 minimum	probability	is	1/10000.	725	 	726	 	 	727	
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9 Akaike’s	second-order	information	criterion	results	from	the	global	model:	728	
AbsDiffTb	~	Day	*	Cond	*	ATemp	+	(1	|	ID)	729	
Model	 Intercept	 Deviance	 K	 AICc	 ΔAICc	 ω	~ATemp	+	Cond	+	Day	+	ATemp:Cond	+	Cond:Day	 0.186	 -691	 11	 -667	 		0.000	 0.491	~ATemp	+	Cond	+	Day	+	ATemp:Cond	+	ATemp:Day	+	Cond:Day	 0.181	 -693	 12	 -666	 		0.808	 0.328	~ATemp	+	Cond	+	Day	+	ATemp:Cond	+	ATemp:Day	+	Cond:Day	+	ATemp:Cond:Day	 0.172	 -696	 14	 -665	 		1.993	 0.181	~1	 0.174	 -570	 	3	 -564	 103.346	 0.000		730	 Model	ranking	was	performed	by	ranking	AICc	values.		The	highest	ranked	and/or	most	731	 inclusive	model	with	a	ΔAICc	<	2	was	chosen	for	model	parameter	estimation.		Animal	732	 identity	(ID)	was	included	to	model	the	random	effect	and	account	for	repeated	733	 measurements.	734	 	735	 	 	736	
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10 Parametric	bootstrapped	coefficients	from	the	model:	AbsDiffTb	~	ATemp	+	737	
Cond	+	Day	+	ATemp:Cond	+	Cond:Day	+	(1	|	ID)	738	
Parameter	 B	 SE	 LDL	 UDL	 ProbB	(Intercept)	 	0.186021	 0.008818	 	0.168866	 	0.2032129	 <0.0001	ATempCA	 	0.033136	 0.007419	 	0.018335	 	0.0475475	 <0.0001	CondF	 	0.005760	 0.011765	 -0.017360	 	0.0290030	 0.6248	CondR	 -0.048485	 0.011905	 -0.071703	 -0.0254180	 <0.0001	Day	 -0.003169	 0.002844	 -0.008647	 	0.0024412	 0.2670	ATempCA.CondF	 -0.056930	 0.008911	 -0.074535	 -0.0394033	 <0.0001	ATempCA.CondR	 -0.006049	 0.008900	 -0.023425	 	0.0114109	 0.5006	CondF.Day	 -0.008384	 0.003989	 -0.016282	 -0.0004495	 0.0374	CondR.Day	 	0.013527	 0.004050	 	0.005609	 	0.0214484	 0.0006		739	 Parameter	estimates	(B)	±	standard	errors	(SE)	represent	the	coefficients	from	linear	740	 mixed	or	generalized	linear	mixed	models.		Animal	identity	(ID)	was	included	as	a	random	741	 effect	in	all	models	to	account	for	repeated	measurements.		The	95%	highest	density	742	 interval	for	each	parameter	is	indicated	by	LDL	and	UDL.		ProbB	is	the	two-tailed	743	 equivalent	probabilty	that	the	B	differs	from	zero,	based	on	10000	simulations,	where	the	744	 minimum	probability	is	1/10000.	745	 	746	 	 	747	
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11 Akaike’s	second-order	information	criterion	results	from	the	global	model:	748	
Amplitude	~	AbsDiffTb	+	(1	+	AbsDiffTb	|	ID)	749	
Model	 Intercept	 Deviance	 K	 AICc	 ΔAICc	 ω	~AbsDiffTb	 0.884	 -123	 6	 -110.4	 	0.0	 1	~1	 0.365	 -106	 5	 	-95.2	 15.2	 0		750	 Model	ranking	was	performed	by	ranking	AICc	values.		The	highest	ranked	and/or	most	751	 inclusive	model	with	a	ΔAICc	<	2	was	chosen	for	model	parameter	estimation.		Animal	752	 identity	(ID)	was	included	to	model	the	random	effect	and	account	for	repeated	753	 measurements.	754	 	755	 	 	756	
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12 Parametric	bootstrapped	coefficients	from	the	model:	Amplitude	~	AbsDiffTb	757	
+	(1	+	AbsDiffTb	|	ID)	758	
Parameter	 B	 SE	 LDL	 UDL	 ProbB	(Intercept)	 	0.8849	 0.07756	 	0.733	 	1.038	 0	AbsDiffTb	 -2.9157	 0.40690	 -3.716	 -2.120	 0		759	 Parameter	estimates	(B)	±	standard	errors	(SE)	represent	the	coefficients	from	linear	760	 mixed	or	generalized	linear	mixed	models.		Animal	identity	(ID)	was	included	as	a	random	761	 effect	in	all	models	to	account	for	repeated	measurements.		The	95%	highest	density	762	 interval	for	each	parameter	is	indicated	by	LDL	and	UDL.		ProbB	is	the	two-tailed	763	 equivalent	probabilty	that	the	B	differs	from	zero,	based	on	10000	simulations,	where	the	764	 minimum	probability	is	1/10000.	765	 	766	 	 	767	
46		
13 Akaike’s	second-order	information	criterion	results	from	the	global	model:	768	
Tbill.TN	~	Drinking	+	Day	*	Cond	+	(1	|	ID)	769	
Model	 Intercept	 Deviance	 K	 AICc	 ΔAICc	 ω	~Cond	+	Day	+	Drinking	+	Cond:Day	 31.6	 1119	 9	 1138	 		0.00	 0.942	~Cond	+	Drinking	 34.0	 1132	 6	 1144	 		6.23	 0.042	~Cond	+	Day	+	Drinking	 33.7	 1131	 7	 1146	 		8.19	 0.016	~1	 29.8	 1233	 3	 1239	 101.54	 0.000		770	 Model	ranking	was	performed	by	ranking	AICc	values.		The	highest	ranked	and/or	most	771	 inclusive	model	with	a	ΔAICc	<	2	was	chosen	for	model	parameter	estimation.		Animal	772	 identity	(ID)	was	included	to	model	the	random	effect	and	account	for	repeated	773	 measurements.	774	 	775	 	 	776	
47		
14 Parametric	bootstrapped	coefficients	from	the	model:	Tbill.TN	~	Cond	+	Day	777	
+	Drinking	+	Cond:Day	+	(1	|	ID)	778	
Parameter	 B	 SE	 LDL	 UDL	 ProbB	(Intercept)	 31.6096	 2.0676	 	27.608	 35.6124	 <0.0001	Drinking1	 -9.4572	 0.9839	 -11.372	 -7.5363	 <0.0001	Day	 	1.1482	 0.9148	 	-0.631	 	2.9475	 0.2088	CondF	 	0.4719	 2.4232	 	-4.164	 	5.3382	 0.8566	CondR	 -1.7827	 2.2868	 	-6.258	 	2.7542	 0.4256	Day.CondF	 -2.4190	 1.0447	 	-4.494	 -0.3942	 0.0186	Day.CondR	 -0.1310	 1.0282	 	-2.141	 	1.8965	 0.8944		779	 Parameter	estimates	(B)	±	standard	errors	(SE)	represent	the	coefficients	from	linear	780	 mixed	or	generalized	linear	mixed	models.		Animal	identity	(ID)	was	included	as	a	random	781	 effect	in	all	models	to	account	for	repeated	measurements.		The	95%	highest	density	782	 interval	for	each	parameter	is	indicated	by	LDL	and	UDL.		ProbB	is	the	two-tailed	783	 equivalent	probabilty	that	the	B	differs	from	zero,	based	on	10000	simulations,	where	the	784	 minimum	probability	is	1/10000.	785	 	786	 	 	787	
48		
15 Akaike’s	second-order	information	criterion	results	from	the	global	model:	788	
Tbill.CA	~	Drinking	+	Day	*	Cond	+	(1	|	ID)	789	
Model	 Intercept	 Deviance	 K	 AICc	 ΔAICc	 ω	~Cond	+	Day	+	Drinking	+	Cond:Day	 21.1	 1269	 9	 1288	 	0.0000	 0.432	~Cond	+	Drinking	 15.6	 1276	 6	 1288	 	0.0579	 0.419	~Cond	+	Day	+	Drinking	 15.3	 1276	 7	 1290	 	2.1269	 0.149	~1	 17.4	 1309	 3	 1315	 27.3511	 0.000		790	 Model	ranking	was	performed	by	ranking	AICc	values.		The	highest	ranked	and/or	most	791	 inclusive	model	with	a	ΔAICc	<	2	was	chosen	for	model	parameter	estimation.		Animal	792	 identity	(ID)	was	included	to	model	the	random	effect	and	account	for	repeated	793	 measurements.	794	 	795	 	 	796	
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16 Parametric	bootstrapped	coefficients	from	the	model:	Tbill.CA	~	Cond	+	Day	+	797	
Drinking	+	Cond:Day	+	(1	|	ID)	798	
Parameter	 B	 SE	 LDL	 UDL	 ProbB	(Intercept)	 21.134	 2.991	 	15.4027	 27.0362	 <0.0001	Drinking1	 -7.201	 1.439	 -10.0150	 -4.3559	 <0.0001	Day	 -2.756	 1.367	 	-5.4607	 -0.1682	 0.0360	CondF	 -4.270	 3.594	 -11.3978	 	2.6472	 0.2354	CondR	 -1.978	 3.389	 	-8.7089	 	4.6762	 0.5656	Day.CondF	 	2.706	 1.557	 	-0.3071	 	5.7739	 0.0804	Day.CondR	 	3.824	 1.539	 		0.8502	 	6.8475	 0.0104		799	 Parameter	estimates	(B)	±	standard	errors	(SE)	represent	the	coefficients	from	linear	800	 mixed	or	generalized	linear	mixed	models.		Animal	identity	(ID)	was	included	as	a	random	801	 effect	in	all	models	to	account	for	repeated	measurements.		The	95%	highest	density	802	 interval	for	each	parameter	is	indicated	by	LDL	and	UDL.		ProbB	is	the	two-tailed	803	 equivalent	probabilty	that	the	B	differs	from	zero,	based	on	10000	simulations,	where	the	804	 minimum	probability	is	1/10000.	805	 	806	 	 	807	
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17 Akaike’s	second-order	information	criterion	results	from	the	global	model:	808	
qdot	~	Cond	*	ATemp	+	Mass	+	(1	|	ID)	809	
Model	 Intercept	 Deviance	 K	 AICc	 ΔAICc	 ω	~ATemp	+	Cond	+	Mass	+	ATemp:Cond	 -0.184	 -426	 9	 -406	 		0	 1	~1	 	0.429	 -225	 3	 -219	 187	 0		810	 Model	ranking	was	performed	by	ranking	AICc	values.		The	highest	ranked	and/or	most	811	 inclusive	model	with	a	ΔAICc	<	2	was	chosen	for	model	parameter	estimation.		Animal	812	 identity	(ID)	was	included	to	model	the	random	effect	and	account	for	repeated	813	 measurements.	814	 	815	 	 	816	
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18 Parametric	bootstrapped	coefficients	from	the	model:	qdot	~	ATemp	+	Cond	+	817	
Mass	+	ATemp:Cond	+	(1	|	ID)	818	
Parameter	 B	 SE	 LDL	 UDL	 ProbB	(Intercept)	 -0.183860	 0.04264	 -0.26726	 -0.100102	 <0.0001	CondF	 -0.033763	 0.01595	 -0.06493	 -0.002665	 0.0338	CondR	 -0.045967	 0.01637	 -0.07820	 -0.014220	 0.0038	ATempCA	 	0.087013	 0.01872	 	0.04963	 	0.122855	 <0.0001	Mass	 	0.478679	 0.03088	 	0.41845	 	0.539638	 <0.0001	CondF.ATempCA	 -0.115409	 0.02233	 -0.15791	 -0.071193	 <0.0001	CondR.ATempCA	 -0.005377	 0.02279	 -0.04960	 	0.039142	 0.8170		819	 Parameter	estimates	(B)	±	standard	errors	(SE)	represent	the	coefficients	from	linear	820	 mixed	or	generalized	linear	mixed	models.		Animal	identity	(ID)	was	included	as	a	random	821	 effect	in	all	models	to	account	for	repeated	measurements.		The	95%	highest	density	822	 interval	for	each	parameter	is	indicated	by	LDL	and	UDL.		ProbB	is	the	two-tailed	823	 equivalent	probabilty	that	the	B	differs	from	zero,	based	on	10000	simulations,	where	the	824	 minimum	probability	is	1/10000.	825	
	826	
	827	
